The aim of this work was to evaluate the effects of using B. megaterium in solubilization of phosphates from different secondary raw materials, such as fish bones, poultry bones, ashes and phosphorite, by identification of the effect of different doses of phosphorus-bearing materials on the growth of microbial cells and the effectiveness of the solubilization process. Both FTIR as well as SEM-EDX techniques were used to compare the effect of the acids on renewable phosphorus source. Two doses of mentioned materials were used: 2 and 30 g/L. The effect of solubilization was expressed as the solubilization factor (SF, %), defined as the ratio (expressed as percentage) of soluble P 2 O 5 present in the solution and total phosphorus (expressed as P 2 O 5 ) introduced into solubilization medium in the solid form. The evaluated SF ranged between 0.672% obtained for phosphorite (30 g/L) and 85% for fish bones (2 g/L) with variations among different sources of phosphate and different doses used in the experiment.
INTRODUCTION
Recent increases in global prices of phosphate rock, together with the need to remove phosphorus (P) from wastewater to control and avoid eutrophication, make phosphorus recovery economically and environmentally important [1] . Apatite and phosphorite minerals are the main nonrenewable raw materials used in the manufacturing of fertilizers [2] . The results show that 70% of global production currently comes from reserves which will be depleted within 100 years [3] . As an alternative to phosphorus rock, phosphorus can be recycled from phosphorus-rich residues such as meat and bone meal (MBM), municipal sewage sludge, phosphorus-rich ashes, and agricultural residues [4] . Today, only about one fourth of the P applied to agricultural fields is actually recycled [5] . Sustainable, innovative recycling and reuse technology methods, where the phases of the phosphate-bearing materials would be transformed into plant available phosphates, need to be developed and implemented. What is more, the obtained product should be characterized by high bioavailability and a toxic element fraction below the limit values of the fertilizer directive, thus fulfilling the quality parameters for a P-fertilizer [6] .
Recovery of phosphorus from renewable resources can be carried out through an extraction procedure, such as acid leaching or electrodialysis [5] , to liberate the phosphorus trapped in an unavailable form such as apatite in the case of bones, fish bones, meat bone meal (MBM) and bone meal (BM). Organically bound phosphates, similar to those present in the sewage sludge from wastewater treatment plants that perform the III° stage of the biological treatment stage (P is usually immobilized and polymerized in granules inside the cells in sewage sludge during wastewater treatment by phosphate-accumulating organisms), can be found in the MBM and BM. Due to the low boiling points of organic phosphorus compounds, it is assumed that these are released as gaseous phosphorus oxides in the furnace, for example, in the incineration of sludge where ashes enriched with phosphorus are obtained. The phosphorus oxides are condensed in the temperature range of 400-600 °C, forming primarily phosphorus-oxide, P 4 O 10 , and, in the likely presence of water, orthophosphoric acid, H 3 PO 4 [4] .
The utilization of the phosphorus-bearing secondary substrates as fertilizer on arable land is also possible after a digestion step performed by the use of acids. The acid digestion can be performed by synthetic acids as well as natural acids produced by microorganisms. Bacteria and fungi that can produce acids are classified as phosphate solubilizing bacteria (PSB) and phosphate solubilizing fungi (PSF) and both as a phosphate solubilizing organism (PSO). What is more, the type of synthesis by microorganism acids varies depending on the type of growth medium component used (the environment of bacterial growth) [7] . Some of the agriculture or food industry secondary phosphorus sources contain considerable amounts of phosphorus, together with organic matter and other plant nutrients such as nitrogen, sulphur and potassium presented in organic form such as bones, fish bones and slaughterhouse wastes.
Usually, one gram of fertile soil contains 10 1 -10 10 bacteria, and their live weight may exceed 2000 kg ha 1 . The utilization of the ability of PSB that are ubiquitous with variation in forms and population in different soils [8] to liberate the phosphorus is a sustainable approach to the phosphorus problem. At present, the challenge is to develop an efficient method which has low impact on the environment and is economical as well.
The aim of this work was to evaluate the effects of application of soil bacteria B. megaterium in the solubilization process of phosphates from different secondary phosphorus-bearing raw materials, such as fish bones, poultry bones, ashes and phosphorite, by the identification of the effect of different doses of materials used in the experiment on the growth of microbial cell, the changes of pH value, the amount of solubilized phosphorus (expressed as P 2 O 5 ) as well as the effectiveness of the solubilization process. Both FTIR and SEM-EDX techniques were used to compare the effect of the acids on the secondary phosphorus source.
MATERIAL AND METHODS

Bacteria and Culture Medium
Phosphate sources were treated with Bacillus megaterium (PCM 1855) as a phosphate-solubilizing microorganism. Bacteria were obtained from the Polish Collection of Microorganisms located at the Institute of Immunology and Experimental Therapy in Wroclaw (WDCM106). For cultivation of bacteria, growth medium was described previously [9] .
Phosphate Source
In solubilization experiments, the phosphate sources used were poultry cooked bones, fish bones, ash from wastewater sludge (originating from Łyna plant in Olsztyn, Poland), as well as Morocco phosphate rock (phosphorite). All phosphate substrates were ground with a blender and sieved to pass through 1 mm particle size fractions for chemical and solubilization studies.
Extraction of P 2 O 5
In order to investigate the efficiency and consequently bioavailability of phosphorus (expressed as P 2 O 5 ) from phosphate sources used in experiments, ammonium citrate and water extracts were determined as described previously [10] .
Experimental and Analytical Methods
The solubilization experiment was conducted in Erlenmeyer flasks (capacity 500 mL) with 250 mL medium and 2 g and 30 g per 1L of phosphate source at 34 °C under sterile conditions. The medium solution with the phosphorus sources was inoculated with bacteria from agar slant by inoculating loops and incubated as batch cultures. During 8 days of cultivation/ solubilization, culture medium was shaken at 120 rpm and incubated at 34 °C (Gerhardt Thermoshake incubator shaker). Samples of microorganism suspension from all culture groups (four groups: poultry cooked bone, fish bones, ash from wastewater sludge and Morocco phosphate rock) were collected at the same time. The reaction mixture was filtered through filter paper and permeates were used for the estimation of pH and P 2 O 5 concentrations, which were measured by colorimetric vanadophosphomolybdate method. At the end of the experiment, the solids separated through filtration were analyzed by FTIR and SEM-EDX. The pH measurements were conducted with a Mettler Toledo SevenMulti pH meter equipped with an electrode InLab 413 with compensation of temperature.
Cell Growth
The biomass concentration of B. megaterium was measured spectrophotometrically as described previously [11] .
Fourier Transform Infrared (FTIR) Spectroscopy
The FTIR spectroscopy technique was used to identify functional groups present on the surface of phosphorus-bearing materials. Before analyzation, a few milligrams of material were ground and mixed with potassium bromide disks in an amount provided by the material at concentration of 2% by mass. The FTIR spectra of prepared samples were collected using a PerkinElmer System 2000 (Waltham, MA, USA) equipped with a deuterated triglycine sulfate (DTGS) and mercury cadmium telluride (MCT) detector. The assay was conducted within the wavenumber range of 400-4000 cm −1 (mid-infrared region) using a potassium bromide window at room temperature (°C). The FTIR spectra were elaborated with a System 2000 compatible software (PerkinElmer, Waltham, MA, USA), which was used to perform the background calculation in order to set the necessary entries for result assessment. Obtained background, corresponding to pure potassium bromide (KBr), was automatically subtracted from each sample spectrum. All spectra were plotted using the same scale on the transmittance axis.
The area under the FTIR spectrum as a measure of the amount of phosphates in the phosphorus-bearing materials was calculated from Equation 1 where: A is absorbance and is wavenumber, cm -1 , i = 2, 3, 4… are the next measurements of wavenumber in the range of absorbance from 900 to 1200 cm 
Scanning Electron Microscopy with Energy-Dispersive X-Ray (SEM-EDX) Analytical System
Physical and morphological characterizations were performed on phosphrous-bearing materials before and after solubilization by scanning electron microscopy with energy-dispersive X-ray analysis (SEM-EDX). A total of twelve samples of phosphorus-bearing materials were fixed in 2.5% of glutaraldehyde (SigmaAldrich, http://www.sigmaaldrich.com/) and next were dehydrated by ethanol (from 30% till 100% concentration). Treated mass was sampled and prepared in two planes, enabling observation of the cross section and its surface. All samples were mounted onto a proper stub and afterwards gold sputtered using HHV Scancoat Six equipment (Crawley, Oxfordshire, UK). Observation and images of microalgae surface composition were taken with a Zeiss LEO 435 VP SEM scanning electron microscope (Oberkochen, Germany), operating at 20 kV. The concentration of particular surface constituent was recorded using a RÖNTEC GmbH energy-dispersive X-ray system (Berlin, Germany) as additional microscope equipment. As a result, the X-ray spectra of elemental composition, specific for natural acids and solubilized by bacteria surface were obtained.
Calculations
The arithmetic mean values, standard deviations (SD) and t tests, as well as the model parameters of equations describing the experimental data, were determined using nonlinear estimation and multiple regression modules of Statistica software version 9.0. Correlation was considered statistically significant at α < 0.05. Chi-square test (χ 2 test) was also used, which was calculated from Equation 2, which more accurately described the fit of the model to experimental data compared to the determination coefficient R 2 . 
RESULTS
Growth of Bacillus megaterium
The specific growth rate of B. megaterium in four different medium compositions and solubilization factor evaluated for different phosphorus materials and different doses are presented in Table 1 . It was found that in the case of organic phosphorus-bearing materials, such as poultry bones and fish bones, growth rate was higher when the doses of materials used in the J. Renew. Mater. Supplement 2017 CC-BY Creative Commons experiment were lower (2 g/L) when compared with the higher dose of 30 g/L.
Concentration of P 2 O 5
The changes of phosphorus (expressed as the P 2 O 5 ) concentration during solubilization process performed by B. megaterium with the utilization of four different phosphorus raw materials are presented in Figure 1a .
The influence of different doses on the solubilization of various phosphorus-bearing materials was presented by a model that describes the kinetics of phosphorus release (expressed as the P 2 O 5 ) (Equation 3):
where the C P O 2 5 max , mg/L is the maximum concentration of P 2 O 5 , b is the constant that expresses time when is C P 2 O5 equal to ½ of C P O 2 5 max and k is the 1/day constant is the variable slope, which is called the Hill slope. When k is greater the curve changes more sharply, which means that the solubilization process proceeds faster. Table 2 collects the evaluated values of all parameters of the proposed model, as well as the p-value and errors that express the fit of the model to the experimental data. The highest maximum P 2 O 5 concentration was found for poultry bones and fish bones, 310 mg/L and 230 mg/L, respectively (Table 2, Figure 1a ). The content of phosphorus (expressed as P 2 O 5 ) in used materials varies, the total P 2 O 5, mg/kg was 12.8, 19.6, 13.5 and 34.2 for poultry bones, fish bones, ash and phosphorite, respectively. While the available P 2 O 5 was mg/kg 0.0185, 0.0389, 0.14 and 0.0205 for poultry bones, fish bones, ash and phosphorite, respectively.
pH
The relationship between pH value and phosphorus (expressed as P 2 O 5 ) concentration in the solubilization process performed by B. megaterium with the utilization of four different phosphorus raw materials is shown in Figure 1b . The solubilization of phosphorus-bearing sources by B. megaterium strain was accompanied by a significant drop in pH for 2 g/L of phosphorus sources to 4.59, 4.50, 4.85 and 4.60 from an initial pH of 6.66, 6.20, 7.27 and 7.002 after 8 days for poultry bones, fish bones, ash and phosphate rock, respectively. In the case of a dose of 30 g/L of phosphorus sources, a decrease was also observed with the exception of phosphorite, where a slight increase of pH was observed [7] . 
where A, mg/L is a constant describing the decay of the curve. Evaluated value of pH min can be interpreted as the minimal value of pH. A strong correlation was found between pH and soluble P 2 O 5 concentration. The parameters of the proposed model as well as the p-value and errors that express the fit of the model to the experimental data are presented in Table 3 for the concentration 2 g/L; additionally, the data from previous experiments performed for the concentration 30 g/L published elsewhere [7] are presented to compare the effect of different doses. Figure 2 shows the FTIR spectra of samples of different phosphorus-bearing materials before and after solubilization undertaken at different conditions (different doses of material). It can be found that the characteristic bands for PO 4 3− group consist of three main regions marked in Figure 2 , exhibiting weak bands corresponding to bending mode [12] [13] [14] . Values representing the phosphorus valuated from Equation 1 are presented in Table 4 .
FTIR
Hydroxyl stretching mode is observed on all sample spectra 3000-3700 cm −1 represented by very low intensity peaks in the case of phosphate rock and ash and high intensity in the case of bones and fish bones. Observed broad band can be assigned to different structural OH groups in HAp crystals (−OH groups with more or less hydrogen bond association with phosphate groups, and others with less or no interactions with the environment) [13, 15, 16] .
Concerning carbonate ions, there are usually three vibrational bands which can be observed in the infrared spectra of bone and hydroxyapatite, but bands exhibit very low intensity and are rarely observed. In analyzed samples, carbonate ions were detected in two different sites: a) low intensity peak at 880 cm carbonated apatite (with the substitution of PO 4 3-by CO 3 2-ions in the apatite structure [15] and b) peaks from 1639 to 1384 cm −1 [12, [16] [17] [18] . Bands appearing at wavenumber values of 2855 and 2925 cm -1 were assigned to the absorption of organic material [12] . Additionally, the bands of C1⁄4O and C1⁄4C (protein and collagen) were assigned to the peaks at 1500-1600 cm -1 corresponding to the organic phase of bone material. These peaks disappear in the case of ash and phosphorite, indicating their removal from the bone material during pyrolysis in the case of ash and phosphogenesis in the case of phosphate rock [14, 19] .
SEM-EDX
The scanning electron micrographs are shown in Figure 3 . EDX analysis was performed and the results are shown in Figure 5 and Table 5 . 
DISCUSSION
The solubilization process was performed for two different doses of phosphorus-bearing materials, 2 and 30 g/L. Selection of concentrations was made based on the previous research that confirmed the strong relationship between solubilization factors and applied in the experiment doses of materials used as a source of phosphorus. With increased doses the decrease of solubilization factor was observed [10] , which is why the two extreme doses were chosen. The effect of solubilization was expressed as the solubilization factor (SF, %), defined as the ratio (expressed as percentage) of soluble P 2 O 5 present in the solution and phosphorus (expressed as P 2 O 5 ) introduced into solubilization medium in the solid form. The efficient growth of bacteria is crucial in solubilization of phosphorus-bearing materials. Bacteria are responsible for production of organic acids that are the main factor that affects the release of 8 J. Renew. Mater. Supplement 2017 CC-BY Creative Commons phosphorus from the apatite structure. The monitoring of its growth and providing appropriate conditions for growth ensure efficient solubilization. Too high of a dose of nutrients delivered in the form of poultry bones as well as fish bones decreases the growth of bacteria, which confirmed that this form of nutrients is more available for microbial cells when compared with inorganic substrates (such as ash and phosphorite). Substrate inhibition of microbial growth is well documented, but experiments evaluating the effect of dose of substrate on the growth should be performed to evaluate the specific growth rate by the application of Monod (without substrate growth inhibition) or Haldane (with substrate growth inhibition) models [20] . Different phenomena were recognized in the case of inorganic materials, such as ash and phosphorite, when the dose did not affect the growth of bacteria (Table 1) . This finding could be explained as a reason for the form of nutrients delivered in that inorganic form which is probably not available for bacterial cells; therefore, even if the dose of substrate increases, no effect would be observed.
Although the effect on the growth of bacteria was not noticeable only in the case of phosphorite, the inhibition of solubilization caused by a higher dose of material was observed (the was lower for the dose of phosphorite 30 g/L when compared with the obtained for 2 g/L). In all considered cases the increase of dose of material used as a source of phosphorus resulted in a decrease of solubilization factor for 2 g/L 77.8, 85.0, 42.8 and 29.1 for poultry bones, fish bones, ash and phosphate rock, respectively, while for 30 g/L the following solubilization factor was evaluated: 21.9%, 24.7%, 16.19% and 0.672%.
According to our previous studies, during the solubilization process performed by B. megaterium, different organic acids were produced and their composition was strongly related to the material used as a source of phosphorus [10] . Acids produced by bacteria caused an increase of concentration of hydrogen ions and higher release of P 2 O 5 . It can be found that in all considered cases, with the exception of fish bones, the increase of doses of phosphorus-bearing material resulted in the higher value of evaluated parameter pH min . These phenomena can be explained by the more (a) abundant presence of substances originating from materials used as a source of phosphorus that neutralized the protons produced by bacterial cells in the solubilization process.
Obtained parameters, such as , pH min , µ, SF, and ΔpH, used for describing the data were statistically tested to find whether they are correlated. A statistically significant correlation between SF and pH min (r = 0.809, p = 0.0148) was found for data obtained for 2 and 30 g/L (n = 8). Moreover, a statistically significant correlation was found between SF and pH min (r = 0.927, p = 0.073), between and µ (r = 0.908, p = 0.092) and between pH min and µ (r = −0.931, p = 0.069) when only the dose of 2 g/L was taken into consideration (n = 4). Additionally, a statistically significant correlation was found between SF and pH min (r = 0.953, p = 0.047), between and SF (r = 0.606, p = 0.094) and between pH min and µ (r = 0.939, p = 0.061), when the dose of 30 g/L was taken into consideration (n = 4).
Raw phosphorus-bearing materials and materials after microbial solubilization performed at the different doses did not show large differences in FTIR spectra (Figure 2 ), which suggested that the chemical structures were not significantly affected by the performed process; nevertheless, the differences in the intensity of peaks, particularly in the region that determines the presence of phosphate groups, were noticeable. According to Pienkowski et al. [21] , the band intensity can be evaluated as a relative amount of detected groups and the changes in the FTIR spectra could be explained as changes of the amount of present groups that were detected on the surface as a result of the action of organic acids produced by Bacillus megaterium in the biosolubilization process. The broad bands between 900 and 1200 cm -1 are attributed to the symmetric and asymmetric stretching vibrations (O-P-O) of the PO 4 3-group, as mentioned by Bonadio at al. [16] . According to Álvarez-Lloret et al. [22] , the surface area under the graph in that range was used as a measure of the amount of phosphates in analyzed materials (Equation 1 ). In the case of poultry bones, the solubilization resulted in an increased amount of phosphates present on the surface as an effect of dissolution of the outer part of the surface by the action of organic acids. In the case of fish bones, a small decrease of phosphates after the solubilization (at fish bone concentration 2 g/L) was observed and an increase in the amount of 30% was observed when compared to the raw samples. While in the case of organic materials (poultry bones and fish bones) the effect of solubilization and influence of different doses were noticeable, the FTIR spectra of ash and phosphate rock in the range of A 900 -A 1200 did not show significant changes.
The scanning electron micrographs are shown in Figure 3 . After the solubilization was performed at the dose of 30 g/L, surface changes are barely visible or not visible, which is consistent with previous findings concerning the influence of the doses used on the estimated solubilization factor. A lower dose caused higher SF, so a higher amount of phosphorus from the hydroxyapatite structure was released and a stronger effect on the surface could be expected. Scanning electron microscopy (SEM) analysis of the solid material after biosolubilization performed at 2 g/L showed more surface erosion of the biologically leached material than observed in the untreated and treated (30 g/L) material. Figure 4 presents the optical microscopy images of poultry and fish bones before 
and after 7 days of solubilization (2 g/L), where significant digestion of structure is visible. For fish bones, the most significant effect was observed on the surface after solubilization at dose 2 g/L (Figure 3d-f) . It can be seen that the nodules recognized as a phosphorite [23] in the case of untreated material, disappear and appear more amorphous after the solubilization at dose 2 g/L where the highest solubilization factor was found to be 85%. These findings were not observed in the case of the surface of fish bones after the solubilization process performed at dose 30 g/L, which is confirmed by the comparable low solubilization factor (24.7%). Also, in the case of poultry bones for the samples obtained from the solubilization process performed at the dose 2 g/L, some changes can be found, such as the appearance of cracks, that demonstrate the effect of the action of acids on the structure of apatite. The hydroxyapatite nodules appear to be smaller (Figure 3b ) when compared with the untreated sample (Figure 3a) (the same scale bar 1 µm). The phosphorite seems to be most resistant to the action of acids on the structure of apatite that is visible on the surface, which is confirmed by the smallest solubilization factor when compared to all considered materials. The phosphorite is the oldest, and at the same time, the most stable material, when compared with fish bones generated/built up in a few weeks or poultry bones in a few months. In the case of ash, bigger nodules can be found on the SEM graph (Figure 3g-i) . The reason for such phenomena is that the thermal decomposition during combustion of sludge gives large particle size apatite. The formation of the big particles in the thermal process can be regarded as the tendency of hydroxyapatite grains to agglomerate and grow up at high temperatures [24] .
The confirmation of the solubilization of phosphates present on the surface in the form of apatite can be found in the results obtained from EDX analysis. The concentrations of elements detected are expressed as mass percentages (Table 5 ). In the case of phosphorite, where the solubilization factor was the smallest, there were very few changes found in the concentration of phosphorus. The highest changes were found for the materials that undergo solubilization at the dose of 2 g/L, which is consistent with previous findings presented in this article. The concentration of phosphorus on the surface of poultry bones in the case of samples obtained after solubilization was lower when compare with the raw poultry bones. What is more, the concentration of phosphorus on the surface for Table 5 Mean concentrations of elements detected and expressed as weight percentages ± SD. 
